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Abstract


A comprehensive understanding of the spatial and temporal distribution of fish and their relationship with aquatic environments is essential for assessing ecological impacts, advancing lake conservation, and optimizing fisheries management strategies. In this study, we investigated the distribution patterns of fish resources in Qiandao Lake, a large, deep-water lake in eastern China, using hydroacoustic methods. The results revealed pronounced spatial and temporal heterogeneity in the horizontal distribution of fish within the lake. Fish density peaked in autumn at 74.77 (±5.59) ind./1000 m2 and reached its lowest level in winter at 14.65 (±1.18) ind./1000 m2. Regionally, fish densities in the upstream (northwestern), midstream (central), and downstream (southeastern) areas were 84.80 (±4.32), 64.16 (±5.15), and 53.88 (±8.78) ind./1000 m2, respectively, showing an increasing trend with distance from the dam. The vertical distribution of fish also exhibited seasonal and regional variation. In spring, summer, and autumn, peak target strengths were recorded in the −50 to −45 dB range, with most fish measuring 10–20 cm in length. In contrast, during winter, peak target strengths shifted to the −45 to −40 dB range, with the smallest proportion of fish falling in the 1–10 cm size category, while size distributions across other ranges were relatively uniform. Generalized additive model (GAM) analysis revealed that fish density was significantly influenced by environmental factors such as dissolved oxygen (DO), pH, nitrite (NO2−), phosphate (PO43−), and chemical oxygen demand (CODMn). These findings suggest that fish distribution in lakes is shaped by regional variations in water quality, with additional impacts from human activities, including the opening of shipping lanes and fisheries management policies. This research provides valuable insights for optimizing fisheries management in large deep-water lakes.
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1. Introduction


Dam engineering is regarded as one of the most significant human interventions affecting Earth’s surface waters. Reservoir ecosystems provide a wide range of critical services, including drinking water supply, employment opportunities, and food security, underscoring their importance, particularly in developing countries [1]. For example, in southern Africa, many communities depend on freshwater ecosystems for drinking water and food to sustain their livelihoods [2]. Similarly, in India, the contribution of reservoir fisheries to the agro-economy has been steadily increasing, accounting for 7.28% of the agro-economic gross value added (GVA) and 1.24% of the national economy [3,4,5]. However, the construction of reservoirs and the management of anthropogenic exploitation have profoundly reshaped aquatic ecosystems patterns [6].



In recent decades, freshwater ecosystems have faced unprecedented challenges due to global environmental changes and the intensification of human activities [7,8,9,10]. As a pivotal component of these ecosystems, fish play a crucial role in maintaining ecological balance, regulating food webs, and facilitating energy flow [11]. Understanding fish distribution and its influencing factors is essential for evaluating ecosystem health [12] and designing effective fisheries management strategies based on population status [13,14]. Given the inherent heterogeneity of aquatic resources and environments, fish distribution patterns are often non-random and shaped by hydrological conditions, habitat alterations, and anthropogenic impacts [15]. This underscores the need for further research to elucidate the mechanisms driving these patterns and their underlying environmental influences [16,17]. The generalized additive model (GAM) has emerged as a powerful tool for exploring the relationships between fish distribution and environmental factors, owing to its flexibility and ability to provide interpretable results [17,18,19].



Traditional fish stock survey methods, such as netting [20], electrofishing [20], and underwater visual census [21], provide detailed insights into biological characteristics, species composition, and abundance [22,23,24]. However, these methods face limitations in scalability and spatial coverage, as they require significant manpower [25] and are often restricted by fishing bans in certain areas [26,27]. In contrast, hydroacoustic techniques have emerged as well-established, non-invasive tools for fish stock surveys, enabling efficient monitoring of fish densities across extensive spatial and temporal scales while minimizing disturbances to aquatic ecosystems [28,29]. Despite their numerous advantages, the application of hydroacoustic methods in deep water bodies remains relatively underexplored, underscoring the need for further research to evaluate and expand their potential in such environments [12].



Qiandao Lake, also known as Xin’anjiang Reservoir, is located in Chun’an County, Hangzhou City, Zhejiang Province, China (E 118°36′09″–119°13′53″, N 29°24′10″–29°48′04″) (Figure 1). This artificial lake, created by damming in 1957 [30], is one of China’s largest freshwater lakes, with an average depth of 31 m and a total capacity of 17.8 billion cubic meters. It serves multiple functions, including power generation, flood control, irrigation, navigation, fisheries, tourism, and climate regulation. Situated in a subtropical monsoon climate zone, Qiandao Lake experiences a warm and humid climate, with an average annual temperature of approximately 17 °C. These favorable hydrological and climatic conditions support a stable and diverse ecological environment. Studies have identified more than one hundred fish species inhabiting Qiandao Lake [31]. To protect its abundant fish resources, the local fisheries department has introduced several conservation measures, including stock enhancement and the establishment of no-fishing zones and seasonal fishing bans [32,33]. However, the rapid economic and growing recreational tourism in Qiandao Lake have resulted in environmental changes that pose significant challenges to fish conservation [34,35,36]. Thus, this study aims to (i) investigate the intricate spatial and temporal dynamics of fish populations in Qiandao Lake and (ii) explore the complex relationships between fish distribution and environmental factors.




2. Materials and Methods


2.1. Study Area


Based on the geographical distribution of Qiandao Lake, eleven sampling sites were established to monitor environmental factors. These sites include the northwestern lake area (S1–S3), central lake area (S4, S5), southeastern lake area (S6, S7), southwestern lake area (S8, S9), and northeastern lake area (S10, S11) (Figure 1).




2.2. Hydroacoustic Survey


The hydroacoustic survey in Qiandao Lake was conducted in July (summer) and September (autumn) of 2022 as well as in February (winter) and May (spring) of 2023. The survey utilized a DT-X model split-beam sounder (BioSonics, Seattle, WA, USA) equipped with a transducer featuring a half-power beam angle of 6.8°, an operating frequency of 208 kHz, a pulse frequency of 4 pps, a pulse width of 0.3 ms, and a minimum target strength threshold of −120 dB. Data were recorded in real-time with a GPS (Garmin Ltd., Olathe, KS, USA) to capture vertical and geographic positions as well as hydroacoustic paths. The hydroacoustic data were displayed and stored in real-time using Acquisition 6.0 software. Prior to survey, the echo detector was calibrated before each measurement using a 23 mm tungsten carbide ball (200 kHz) [19], in accordance with standard procedures [37]. The transducer was mounted vertically on the port side of the ship and submerged 0.5 m below the surface, maintaining a speed of 9–11 km/h and following a zig-zag transect pattern. All surveys were conducted during the daytime.



The coverage degree (Λ) was calculated for each survey based on the U.S. Inland Fisheries Criteria to assess the effective intensity of acoustic sampling [38]. A coverage degree of 6 is considered reasonable [39], using the following formula.


  Λ = D / √ A  



(1)




where   A   represents the area of the survey zone, and   D   represents the total distance travelled by the ship during the survey. The mean coverage degree value in this study was 7.02, and each survey achieved an effective level of coverage (Table S1).



The collected hydroacoustic data were analyzed using Visual Analyzer 4.3 software, with parameters for split-beam single-unit echo detection presented in Table 1. Manual adjustments can be used to filter out invalid or inaccurate data within the blind zones, specifically 1 m below the transducer and 0.5 m above the transducer base. Vertical beam data were analyzed over a depth range of 2 to 30 m, divided into 28 water layers at 1 m increments, while horizontal analysis was based on a flexible ESDU (elementary sampling distance unit) formed by a set of 400 consecutive pings along the survey track, on average approximately corresponding to 250–306 m, depending on the pulse frequency (4 pps) and vessel speed (9–11 km/h). To minimize the effects of weak scatterers, such as plankton, on the echo signals, the target strength threshold for the echo image was set between −60 dB and −30 dB [40,41]. Interfering signals were manually filtered out [42], and the echo counting method was employed to assess fish density. The results of the analysis included fish per unit area (FPUA, ind./m2) and fish per cubic meter (FPCM, ind./m3). FPUA and FPCM represent fish densities at the horizontal and vertical scales, respectively.



The conversion between target strength (TS, dB) and total length (TL, cm) for fish was conducted using the empirical TS-TL formula for swim bladder fish established by Foote [43].


  T S = 20 l g T L − 71.9  



(2)




where   T S   is the target strength of the fish,   T L   is the total length of the fish, and 71.9 is a constant.




2.3. Collection of Environmental Factors


Environmental factor measurements were conducted concurrently with the hydroacoustic survey. Water temperature (WT, °C), pH, and dissolved oxygen (DO, mg/L) were measured using a multi-parameter water quality analyzer (YSI ProDSS, Yellow Springs, OH, USA). A 1 L water sample was collected in a polyethylene (PE) plastic bottle, refrigerated, and transported to the laboratory for analysis. The concentrations of total nitrogen (TN, mg/L), total phosphorus (TP, mg/L), ammonia nitrogen (NH3-N, mg/L), nitrate (NO3−, mg/L), nitrite (NO2−, mg/L), phosphate (PO43−, mg/L), and chemical oxygen demand (CODMn, mg/L) were determined.




2.4. Construction of GAM


In ArcGIS 10.8, fish densities at sampling sites were derived using the neighborhood mean method, relating them to environmental factors. Fish density served as the response variable in the GAM, while environmental factors acted as explanatory variables. Prior to constructing the model, a collinearity analysis of the environmental factors was conducted, excluding variables with a variance inflation factor (VIF) greater than 5 [44]. The GAM expression was as follows:


  g     u   i     =   β   0   +   ∑  i = 1   n      f   i         x   i     + ε  



(3)




where   g     u   i       is the link function,     u   i     is the response variable,     β   0     is the intercept,   n   is the number of explanatory variables,   f   x     is the spline smoothing function,     x   i     is the explanatory variable, and   ε   is the error term, which follows a normal distribution. In this study, FPUA was selected as the response variable, with environmental factors serving as the explanatory variables.



The significance of the explanatory variables was assessed using an F-test, with these variables sequentially incorporated into the model through stepwise regression. The model fit after the stepwise inclusion of factors was evaluated using the Akaike information criterion (AIC), the deviance explained, and the coefficient of determination (R2). The linear relationship between environmental factors and fish density was established using the estimated degrees of freedom (EDF).




2.5. Statistical Analysis


The Kruskal–Wallis test was employed to compare spatial and temporal variations in fish densities in Qiandao Lake. The spatial and temporal distribution of fish resources was visualized in ArcGIS 10.8, utilizing the inverse distance weighting method for raster interpolation [45]. The raster data were classified using the natural breaks classification method. The GAM was constructed and tested in R v4.1.2, employing the ‘car’ and ‘mgcv’ packages, with the results visualized using the ‘ggplot2’ package [46].





3. Results


3.1. Spatial and Temporal Distribution of Fish


The distribution of fish resources in Qiandao Lake exhibited spatial and temporal heterogeneity (Figure 2, Table S2), characterized by uneven, patchy aggregation. Fish density (FPUA) was higher in the northwestern region and lower in the southeast area. In spring, fish were relatively uniformly distributed throughout the lake; however, in summer and autumn, their distribution became more irregular, with concentrating primarily in the northwestern lake area and near the confluence of tributaries. In winter, fish distribution was sparse. A significant difference was observed in fish densities across seasons (p < 0.05) (Figure 3A). The highest mean fish density was recorded in autumn at 74.77 (±5.59) ind./1000 m2, followed by spring at 71.54 (±3.66) and summer at 69.12 (±8.20). The lowest mean fish density was recorded in winter at 14.65 (±1.18) ind./1000 m2. Spatially, fish density in the northwestern lake area was significantly higher than in other areas (p < 0.05), with a mean value of 84.80 (±4.32) ind./1000 m2. The mean densities in the central, southeastern, and northeastern lake areas were 64.16 (±5.15), 53.88 (±8.78), and 49.12 (±3.12) ind./1000 m2, respectively. The mean density in the southwestern lake area was the lowest at 40.74 (±3.40) ind./1000 m2 and did not differ significantly from that in the central lake area (Figure 3B).



In spring and summer, fish were primarily distributed at water depths of 5 to 10 m (Figure 4 and Figure 5A,B), with target density percentages of 49.19% and 59.33%, respectively. Vertical fish densities (FPCM) peaked at a depth of 8 m, reaching 9.15 and 12.54 ind./1000 m3 in spring and summer, respectively. In autumn and winter, fish were primarily distributed at water depths of 10 to 15 m, with target density percentages of 45.85% and 40.95% (Figure 4 and Figure 5C,D). Fish in the northwestern lake area were mainly located in the middle and upper layers of the water column, with vertical density peaking at a depth of 4 m, reaching 17.96 ind./1000 m3. In contrast, fish in other lake areas were predominantly distributed at water depths of 5 to 10 m (Figure 4).




3.2. Fish Length Composition


In spring, summer, and autumn, fish target strengths were primarily concentrated in the −50 to −45 dB range, with frequencies of 36%, 34%, and 32%, respectively (Figure 6). In winter, fish target strengths shifted to the −45 to −40 dB range, with a frequency of 34%. Converting fish target strength to total length indicated that small- and medium-sized fish measuring less than 30 cm were the most abundant in Qiandao Lake. In spring, summer, and autumn, fish were predominantly concentrated in the 10–20 cm size interval, with frequencies of 42%, 38%, and 39%, respectively. In winter, the proportion of fish in the 1–10 cm size interval was the lowest, while fish distribution across the remaining size intervals was relatively even.




3.3. Effects of Environmental Factors on Fish Distribution


GAM results showed that season, CODMn, pH, NO2−, PO43−, and DO were significant factors influencing fish density (p < 0.05) (Table 2). TP was excluded from the model due to its low bias explanation rate of only 1.19%. Stepwise regression analysis identified the optimal explanatory variables as NH3-N, PO43−, NO2−, pH, DO, season, and CODMn, with a cumulative bias explanation rate of 67% (Table 3).



The effects of various explanatory variables on fish density are illustrated in Figure 7. NH3-N and PO43− exhibited a linear relationship with fish density (Figure 7E,G), while all other explanatory variables demonstrated non-linear relationships. Regarding the temporal effect, GAM indicated the significant impact of season on fish density, with an increasing trend from spring to summer, followed by a decline towards winter. The highest density was observed in summer, while the lowest was recorded in winter (Figure 7A). In terms of environmental hydrological effects, fish densities fluctuated with increasing concentrations of DO. A significant positive correlation (p < 0.05) was observed between fish densities and DO concentrations within the ranges of 5.0–7.0 mg/L and 8.2–9.8 mg/L (Figure 7B), as well as a significant positive correlation (p < 0.001) with pH in the range of 7.6–8.6 (Figure 7C). Concerning pollutant indicators, fish density gradually increased with rising concentrations of NO2− and NH3-N within the ranges of 0.005–0.025 mg/L and 0.08–0.22 mg/L, respectively (Figure 7D,E). Fish density was significantly positively correlated with CODMn concentrations in the range of 1.0–2.0 mg/L, followed by a negative correlation as the concentration increased (Figure 7F). PO43− concentrations within the range of 0–0.02 mg/L showed a significant decreasing trend in fish density as the concentration increased (Figure 7G).





4. Discussion


Research indicates that the spatial and temporal distribution of fish is influenced by a combination of endogenous and exogenous factors [47]. Endogenous factors include behavioral drivers such as reproduction, migration, and interspecific interactions, whereas exogenous factors encompass external environment, habitat conditions, and fisheries policies. A survey of the ecological environment in the Qiandao Lake Basin conducted by Wang et al. (2024) [48] revealed a spatial pattern of ecological quality described as “high in the north and low in the south”. Consistent with this trend, our study found that fish density in Qiandao Lake exhibited a marked gradient, decreasing from north to south (Figure 2 and Figure 3). Research by Luo et al. (2023) [49] on newly constructed reservoirs indicated that fish densities tend to increase with distance from dams, potentially due to more favorable habitat conditions further from these structures [50,51,52]. In Qiandao Lake, the northwestern area in the upper reaches of the Xin’an River is characterized by a homogeneous land-use type dominated by farmland and forest, providing abundant aquatic plant resources that create suitable habitats and spawning sites for fish [53]. This area is also designated as a year-round fishing ban zone, with continuous stocking and release activities implemented by the local fisheries department. These fisheries policies effectively enhance fish resources conservation in this watershed [54]. In contrast, the land-use patterns in the middle and lower reaches of the watershed are more diverse. The central lake area, adjacent to densely populated Chun’an County, experiences higher levels of anthropogenic disturbance. For instance, the opening of navigation channels may disrupt fish habitats and spawning sites, leading to avoidance behavior and reducing fish detectability via hydroacoustic methods. Meng et al. (2023) [55] reported lower fish densities in regions with frequent human activities, such as tourism and speedboats, compared to less disturbed areas. Similarly, hydroacoustic surveys find consistently low fish densities in the southeastern lake area throughout the year. The southeastern lake area, located downstream near the dam, features numerous islands, a complex underwater substrate, gentle currents, and low ecological quality, all of which compromise fish survival and reproduction. Furthermore, due to the narrow and intricate topography of some tributaries of Qiandao Lake, hydroacoustic surveys are primarily conducted in the broader main channel area. Lian et al. (2017) [56] demonstrated significantly higher fish densities in reservoir tributary bays than in main channels. This disparity is likely due to the accumulation of organic matter, suspended solids, nutrients, and reduced water flow in reservoir bays, which create favorable conditions for fish aggregation [57]. To address these limitations, future studies should prioritize capturing fish distribution in narrower and more complex areas through additional surveys, thereby further optimizing research protocol.



Fish densities in Qiandao Lake were observed to be higher during spring, summer, and autumn, with a predominance of small- and medium-sized fish (Figure 2 and Figure 6). This seasonal pattern is primarily attributed to the breeding season of most fish species, which occurs from May to July, resulting in a significant increase in juvenile populations of naturally reproducing species such as Carassius auratus, Cyprinus carpio, and Hemiculter leucisculus. During this period, juvenile fish tend to swim near the surface to access oxygen and food resources. Research indicates that in warmer climates, smaller fish often dominate freshwater lake ecosystems due to their rapid reproduction cycles, efficient resource utilization, and high adaptability to environmental fluctuations, all of which contribute to population stability [58]. Previous surveys identified Hypophthalmichthys molitrix and Hypophthalmichthys nobilis as the dominant species in Qiandao Lake, exhibiting increased feeding activity in the upper water layer [31]. Generally, these species are predominantly distributed in areas with water depths of approximately 10 m (Figure 4 and Figure 5). In autumn and winter, fish tend to migrate to deeper waters for overwintering. Compared to medium and large fish, small fish are generally more sensitive to low temperatures, exhibiting slowed metabolism and reduced activity [59]. Consequently, they often seek refuge in deeper waters or under aquatic vegetation and rocks, reducing their detectability by hydroacoustic instruments [60]. As a result, the horizontal density of fish in winter is significantly lower than in other seasons, while the total length of fish across areas is more balanced. Furthermore, the target strength of fish is influenced by species, behavior, body size, and maturity, which affects the ability to distinguish individual fish and accurately estimate their sizes [61,62,63]. Notably, H. molitrix and H. nobilis are schooling fish that form highly aggregated shoals, and schools or aggregations of these species were observed on the echograms during the survey and processing. Multiple targets not satisfying single-target criteria were omitted in our analysis, which could have led to underestimation of the true fish density. In this respect, our current estimates can be considered as minimum estimates. Meanwhile, the limitations of echo counting, which often underestimates fish density due to its reliance on detecting individual echoes and its inability to resolve overlapping or dense aggregations, can be addressed by employing echo integration. In contrast, the application of echo integration could potentially provide more reliable and precise estimates of fish abundance in such conditions [64,65]. Research also indicates that fish exhibit dispersal behavior at night, likely driven by reduced predation pressure and increased foraging activity, facilitating clearer identification of individual targets during acoustic surveys [66,67]. Therefore, future research will prioritize investigating the diurnal distribution patterns of fish to enhance survey accuracy and understanding. Additionally, it is important to acknowledge that the near-surface blind zone created by the transducer is a recognized limitation of hydroacoustic surveys [12]. This blind zone can lead to a substantial underestimation of fish densities in near-surface layers, particularly in clear-water conditions where fish are more likely to avoid the survey vessel. To mitigate this limitation, we plan to incorporate supplementary methods such as horizontal beaming and inverted transducer deployment in future surveys [68,69,70,71]. These approaches will enable us to better quantify the extent of underestimation and enhance the accuracy of fish density estimates in the upper water column.



The interaction between fish distribution and environmental factors is highly dynamic, fluctuating spatially and temporally in response to changes in environmental conditions [72,73]. Research has identified ammonia nitrogen, phosphate, nitrite, pH, dissolved oxygen, and chemical oxygen demand as key factors influencing fish distribution in Qiandao Lake (Figure 7, Table 2 and Table 3). The Qiandao Lake area features hilly terrain, characterized by concentrated and frequent rainfall, along with significant surface runoff. The northwestern lake area, located upstream and connected to the main stream of the Xin’an River, faces challenges such as unreasonable mountain reclamation and excessive pesticide and fertilizer use in nearby villages [74,75]. Soil erosion transports agricultural wastewater into the lake, thereby increasing the nitrogen and phosphorus load in the water body [76]. Water quality monitoring indicates that nitrogen and phosphorus concentrations in the northwestern lake area are higher than in other regions (Table 4). These nutrients are essential for the growth of aquatic plants and algae, directly influencing the distribution of herbivorous and filter-feeding fish [77]. GAM results indicated that within a certain concentration range, increases in NO2− and NH3-N concentrations correspond to rising fish densities. However, as nutrients from the upper reaches are gradually settle or absorbed during transfer downstream, nutrient levels decrease in the southeastern lake area. Fish with high nutrient requirements typically inhabit the nutrient-rich upstream area; however, excessive nutrient accumulation can lead to eutrophication, which is detrimental to fish survival [78]. This study found that fish density significantly decreased with increasing phosphate concentrations, leading to a reduction in fish populations in some water bodies in the southwestern lake area due to excessively high phosphate levels. Therefore, strengthening water quality monitoring is crucial to maintaining the ecological integrity of different lake regions in Qiandao Lake. Additionally, pH significantly affects fish physiology, including respiration, acid–base balance, and metabolic activity, thereby affecting survival [79,80]. Most freshwater fish thrive in neutral to slightly alkaline water environments, and the overall water quality of Qiandao Lake is slightly alkaline, providing suitable conditions for fish growth and reproduction. Dissolved oxygen is another critical factor, impacting fish feeding, reproduction, and growth, which subsequently influences their spatial and temporal distribution [81,82,83]. Conversely, chemical oxygen demand, while indicative of organic matter levels, can enhance anoxic conditions. At high concentrations, COD negatively affects fish respiration and metabolism [84,85].




5. Conclusions


Monitoring fish resources is critical for effective fisheries management and ecological protection, as it provides essential data for evaluating stock health, habitat conditions, and the impacts of environmental changes. This study revealed notable spatial and temporal heterogeneity in the distribution of fish resources within Qiandao Lake. GAM analysis indicated that season variations, along with environmental factors such as CODMn, pH, NO2−, PO43−, and DO, significantly influence fish density. These factors likely affect fish physiology, food availability, and habitat conditions. By identifying key environmental factors regulating fish distribution, this study provides valuable insights for the conservation and sustainable management of fishery resources in Qiandao Lake, thereby informing future management strategies.
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Figure 1. Land use, environmental factor sampling points, and vessel acoustic trajectory around Qiandao Lake. 
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Figure 2. Spatial and temporal distribution of fish in Qiandao Lake. The color gradient from red to blue indicates a decrease in fish density. 
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Figure 3. Horizontal density (mean ± standard error) of fish across different seasons (A) and lake areas (B) in Qiandao Lake. Significant differences are indicated using the letter method. 
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Figure 4. Vertical distribution of fish across different seasons in Qiandao Lake. Solid markers in different colors represent the fish average density at various depths for each season, connected by solid lines to reflect the overall variation trend. 
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Figure 5. The target signal frequency of fish at different depths in different seasons. (A–D) represents the different seasons. The bar chart illustrates the distribution proportions, while the dashed line represents the trend of change. 
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Figure 6. Distribution of fish target strength intervals across different seasons (A) and the corresponding changes in target full length (B). The bar chart illustrates the distribution proportions, while the dashed line represents the trend of change. 
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Figure 7. Effects of different explanatory variables on fish density in Qiandao Lake. (A–G) represents different interpretation factors. The vertical axis headings represent the partial effect of this environmental factor on fish density. The black dots represent the observed fish density data, highlighting its distribution across varying levels of environmental factors. 
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Table 1. Split-beam single-unit echo detection identifies specific parameters.
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	Parameter
	Setting





	Echo Threshold
	−60 dB



	Correlation Factor
	0.90



	Min Pulse Width Factor
	0.75



	Max Pulse Width Factor
	3.00



	End Point Criteria
	−12 dB



	Time Varied Gain
	40 lgR










 





Table 2. Significance analysis of response variable based on F-test. ‘*’ indicates a significant effect.






Table 2. Significance analysis of response variable based on F-test. ‘*’ indicates a significant effect.





	Variables
	EDf
	F
	p
	Deviance Explained





	Season
	1.90
	15.80
	0.000 ***
	45.70%



	TP
	1.00
	0.46
	0.505
	1.19%



	NH3-N
	1.16
	6.29
	0.144
	7.97%



	NO2−
	1.81
	9.55
	0.004 **
	27.20%



	PO43−
	1.02
	9.71
	0.004 **
	19.70%



	CODMn
	3.12
	7.58
	0.000 ***
	51.00%



	pH
	2.08
	2.99
	0.001 ***
	34.60%



	DO
	6.76
	6.29
	0.011 *
	43.90%










 





Table 3. GAM Stepwise Regression Analysis.
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	df
	AIC
	R2adj
	Deviance Explained
	Response Variables





	3.80
	−2239.52
	0.040
	7.96%
	NH3-N



	4.00
	−238.00
	0.233
	27.10%
	NH3-N, PO43−



	5.94
	−245.74
	0.461
	51.40%
	NH3-N, PO43−, NO2−



	7.81
	−245.35
	0.516
	58.80%
	NH3-N, PO43−, NO2−, pH



	7.00
	−245.69
	0.512
	57.50%
	NH3-N, PO43−, NO2−, pH, DO



	9.32
	−246.05
	0.538
	62.50%
	NH3-N, PO43−, NO2−, pH, DO, season



	10.41
	−249.06
	0.580
	67.00%
	NH3-N, PO43−, NO2−, pH, DO, season, CODMn










 





Table 4. The values (mean ± standard) of various environmental factors in in different lake areas of Qiandao Lake.
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Environmental Factors

	
NO3−

(mg/L)

	
NO2−

(mg/L)

	
NH3-N

(mg/L)

	
TP

(mg/L)

	
TN

(mg/L)

	
PO43−

(mg/L)

	
CODMn

(mg/L)

	
WT

(°C)

	
DO

(mg/L)

	
pH






	
Lake

	
Northwestern lake area

	
1.068

± 0.07

	
0.015

± 0.00

	
0.200

± 0.02

	
0.515

± 0.06

	
1.046

± 0.15

	
0.010

± 0.00

	
2.073

± 0.08

	
19.258

± 0.87

	
7.755

± 0.43

	
7.943

± 0.17




	
Southwestern lake area

	
0.563

± 0.06

	
0.007

± 0.00

	
0.136

± 0.01

	
0.418

± 0.10

	
0.430

± 0.11

	
0.023

± 0.01

	
1.510

± 0.14

	
19.242

± 1.07

	
7.895

± 0.41

	
8.169

± 0.08




	
Central lake area

	
0.650

± 0.03

	
0.007

± 0.00

	
0.139

± 0.01

	
0.421

± 0.07

	
0.539

± 0.08

	
0.006

± 0.00

	
1.666

± 0.10

	
19.365

± 1.05
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